Abstract. This study estimates the total storage capacity for renewable energies in European salt caverns up to the year 2030 in order to deal with the fluctuation of renewable energies. The round-trip efficiencies and the CO 2 equivalent direct emissions of the different storage process stages are taken into account. These are transmission, electricity to gas conversion, storage and re-electrification from gas to electricity, of three different energy carriers, namely compressed air, hydrogen and renewable methane.
Introduction
The market for electricity from renewable energies is growing very fast. The main problem of the high renewable share in the energy system is to include the fluctuating production of renewable energy into a system that changes instantly by demand. Extending the electrical transmission grid or the gas distribution grid, building an overcapacity of renewable energy generation, dealing with a fossil-based back up capacity, or increasing the energy storage capacity are just some of the alternatives to deal with fluctuating energies.
Due to the need of large storage capacities for daily, weekly, or even seasonal storage, only alternatives of high energy densities are suitable. Europe, especially Germany, offers a high potential of natural storage in its underground salt domes. With all salt caverns scheduled to be developed by 2030 (as mentioned in the IGU database [1] ), the total work-gas volume capacity of Germany will be about 20.000 million normal m 3 (around 30.000 million of normal m 3 in Europe). The question of how much storage will be required remains. By assuming to generate power by a 100% from wind and solar, Heide et al. [2] estimated the required energy storage capacity on basis of a simplified European scenario. The necessary maximum of stored energy would be 1.5 times the monthly load without storage losses and EPJ Web of Conferences amounts up to 400 TWh. By running the same scenario, approximately 500 TWh will be required in Europe by 2030.
In order to estimate how much energy can be stored in the European salt caverns by 2030, it is also important to assess the possible energy sources. According to the figures released by the Center for Wind Energy Research (Heinemann [3] ), five North Sea countries, which are located near the salt domes (Belgium, Denmark, Germany, Netherlands, and the United Kingdom), will be able provide an offshore wind capacity of 78 GW. The resulting amount of energy is assumed to be available for the underground storage of renewable energy in 2030 throughout this investigation.
Research question and main objective
Considering all the previously mentioned renewable resources as well as the storage capacity, estimated to be available/required in 2030, the next logical question will be: What may be the more efficient and ecologically friendly pathway to provide balancing power in 2030 in terms of greenhouse gas emissions for a future large-scale underground storage of renewable energy? By showing the results of the master thesis performed, the present article tries to answer this question. The main objective of the thesis is to compare different energy carriers, namely compressed air, hydrogen and methane through a Life Cycle Assessment (LCA) according to EN ISO 14040 and 14044 [4, 5] , time horizon: the year 2030. These energy carriers are stored in the salt caverns by using the following storage technologies, which define the main scenarios in the present analysis:
• Advanced adiabatic compressed air energy storage (AA-CAES) • Hydrogen energy storage (HES) • Renewable methane energy storage (MES).
Methodology
LCA is a standardised methodology used to compile and evaluate the inputs, outputs, and potential environmental impacts of a product system comprised of four main steps:
• Goal and scope definition • Inventory analysis • Impact assessment • Interpretation.
For more information about the methodology of LCA, please refer to the 14040 and 14044 ISO standards [4, 5] . This article mentions only the most remarkable results of the total five different scenarios and 11 sensitivity scenarios that have been analysed in the thesis in order to assess the cumulated energy demand (CED in MWh) and direct greenhouse gas emissions (CO 2 -eq. in kg) to provide the functional unit (FU). This FU was defined as 1 MWh of electricity to provide the balancing power for grid services in times of lacking wind energy. Among others, some important limitations, defined in the scope of LCA, are:
• Only CO 2 and CH 4 direct emissions are considered • Only cradle-to-usage analysis, no decommissioning of plants • The calculations have been performed by considering all technologies state-of-the-art for the according time horizon, i.e. 2030.
The stages throughout the different pathways have been classified into five main process segments in order to make the comparison between the alternatives more simple. The first process segment, electricity transmission, is common to all scenarios and takes into account the impacts of the electricity 03006-p.2 rd European Energy Conference . Different routes to convert electricity produced from wind energy offshore farms into stored gas i.e. storage of methane, hydrogen and compressed air. After the compression process, the three compressed gases of the three possible routes are being sent to the storage caverns and are being re-electrified by the grid, when needed.
transmission from the offshore wind plants to the storage plant. The second process segment, electricity conversion, includes the main energy conversion process or processes, from electricity to one of the three energy carriers. The third process segment, gas conditioning and storage, includes all parallel processes necessary for the conditioning and the storage of the gas in the caverns, e.g. hydrogen/methane compression, thermal storage, etc. The 4 th process segment includes all gas leakages and pressure losses due to the gas transport through pipelines. Finally, the re-electrification segment, accounts for the impacts during the conversion of the energy carriers into useful electricity. Figure 2 presents the scheme that shows the processes which are part of the different routes. The first pathway, AA-CAES, regards to atmosphere air, compressed by means of electricity generated by offshore wind plants, and its storage in salt caverns. The heat, produced during the compression, is considered a by-product and is stored to be reused during the re-electrification which works by air expanders (turbines). The hydrogen alternative uses an electrolyser to split water into hydrogen and oxygen. The energy which is necessary for the electrolyser as well as for the hydrogen compression is supplied by the offshore wind power plants. To convert the gas into electricity, the re-electrification draws on a solid oxide fuel cell (SOFC) or on a hydrogen gas turbine combined cycle (GTCC).
Finally, the methane option is very similar to the previous one, but the hydrogen produced by using the electrolysers is combined with carbon dioxide by means of the methanation process (also known 03006-p.3 [7] as "power to gas") in order to produce synthetic methane. Table 1 lists the main assumptions and their source for transparency and future referencing. Several possible sources of carbon dioxide for the methanation process gave birth to additional scenarios, where CO 2 was obtained through carbon capture and sequestration (CCS) processes from atmospheric air, a GTCC power plant, or a new supercritical pulverised coal power plant (PC). The source of the input product carbon dioxide (CO 2 as a product) for the methanation process was investigated and included into the calculations based on the energy requirements for carbon capture and sequestration (CCS) from [16] and [17] .
The effect on the direct emissions by including a CO 2 -recycling process after the re-electrification was investigated for the methanation scenario with a CCS process applied to a GTCC power plant (3-Ib_MES-SOFC_CCS-GTCC), considering 90% and 97% capture efficiencies according to [16] for the CO 2 recycling. All CO 2 recovered in the CCS process was assumed to be reincluded into the methanation process. The CO 2 that was not recovered was supposed to be obtained from a NGCC power plant with an integrated CCS. The energy needed for the total CCS per kg of CO 2 was assumed to be the same; the total mass of CO 2 needed for the methanation process was not affected by the CO 2 source. Figure 3 shows the efficiency decrease of the eight most representative scenarios as the processes follow the steps of the different pathways. With almost 63%, AA-CAES is the most energy efficient process. The second place takes the hydrogen storage processes with efficiencies of 48% (2-I_HES-SOFC) and 43% (2-II_HES-GTCC) using SOFC and GTCC for re-electrification, respectively. The lowest values of efficiency have been obtained from the methane scenarios, starting with the one that uses SOFC for re-electrification (3-I_MES-SOFC) with a roundtrip total efficiency of 40% followed by the scenario that uses a GTCC for re-electrification (3-II_MES-GTCC) yielding 36%. By taking the source of CO 2 into account, the efficiency of CCS from atmospheric air (3-I_MES-SOFC_CCS-Air) drops to 26%. rd European Energy Conference The efficiency of CCS applied to a GTCC plant (3-I_MES-SOFC_CCS-GTCC) drops to to 36% and the CCS efficiency in a new supercritical pulverized coal power plant drops to 31%.
Main results

Efficiency
The energy conversion and re-electrification segments are more crucial as they need most energy. The processes taking place in AA-CAES (air compression), HES (electrolysis) and MES (electrolysis and methanation) should be improved to higher round-trip efficiencies, in future. The development of high temperature electrolysis (HTE) [18] provides the opportunity for good improvement, given that the technology will be state-of-the-art in the considered time horizon. As for re-electrification, the expected rise of efficiencies in GTCC is not that optimistic. Its efficiency is expected to rise very slowly. It will probably reach 63% by 2030 [14] . Figure 4 depicts the comparison between the direct emissions. An important fact is that no direct emissions of equivalent carbon dioxide arise in AA-CAES and HES. As for the MES scenarios, the direct emissions depend on the CCS application at the end of the re-electrification process. The emissions in the GTCC for re-electrification scenario could be considerably reduced by recycling CO 2 with capture efficiencies of 90% and 97%. The total emissions for the MES scenario using a GTCC in the re-electrification stage is 337,9 kg of CO 2 equivalent per MWh e . The emissions for the rest of the MES scenarios are 304,1 kg of CO 2 equivalent per MWh e . If a CCS system is integrated at the end of the re-electrification stage the values are 37,4 kg of CO 2 equivalent per MWh e and 16,7 kg of CO 2 equivalent per MWh e for CCS efficiencies of 90% and 97% respectively. 03006-p.5 
Direct emissions
Storable energy in the salt caverns for 2030
Taking the same time horizon as a basis, some interesting results have been deduced from the energy expected to be produced by means of Europe's salt cavern capacities, scenario efficiencies and offshore wind in 2030. Table 2 presents the most important results of the mainly investigated scenarios.
Considering Europe's limited salt caverns storage volume up to year 2030 and the energy density of the three energy carriers, almost 138 TWh can be stored and re-electrified through the methane energy storage processes, while only 32 TWh can be stored by using hydrogen energy storage. In case of AA-CAES, the storable energy is even smaller, providing 0,3 TWh, only. In reference to the MES scenarios presented in Table 2 , only 117, 76, 106, 90, and 105 TWh, respectively for the figures marked with "**", can be supplied by 292 TWh/year wind offshore energy in order to fill the total capacity of the caverns, i.e. 137,7 TWh and 125,9 TWh. Consequently, additional sources other than offshore wind energy will be required.
The HES technology could produce 140 TWh by 292 TWh/year wind offshore energy, but only 32 TWh and 29 TWh, respectively (see Table 2 , figures marked with "*"), could be stored due to 03006-p.6 rd European Energy Conference the limited volume of the caverns. This is due to the hydrogen's low energy density per volume of cavern storage. By comparing the storage capacity values of Table 2 with the estimated total of required storage of about 500 TWh in 2030, it becomes clear that, in 2030, about 27,5% of the necessary storage for renewables integration in Europe might be provided by storing methane in the underground salt caverns. Figure 5 shows the relation between the total of storable energy and the round efficiency of the different scenarios. The upper x-axis presents the total time in days by which the European demand for electricity in 2030 could be provided by the energy stored in the salt caverns.
Conclusions
The AA-CAES technology does not cover middle-term or long-term storage, but it is suitable for hourly grid balancing. Hydrogen storage is suitable for middle-term storage. On basis of the hydrogen scenario, building additional storage capacity or using other types of gas storage (e.g. depleted gas and oil fields or aquifers) should be considered as well.
Strong efforts are necessary to be made on research and the development of HTE in order to simultaneously reach a high efficiency and a commercial level for MES and HES technologies in the hundreds of MW scale. The advantage of this technology is the theoretical capability of high efficiencies similar to the ones of AA-CAES. However, this needs to be translated into real production plants.
From a technical point of view, methane energy storage can be regarded as a suitable option to supply a considerable share of the future European need for balancing power. Our calculations show that almost 28% of this requirement could base on synthetic methane underground storage in salt caverns. MES might be more infrastructure-friendly considering that less cavern volume is required and that state-ofthe-art systems for transportation and electricity generation of natural gas can be used for renewable methane. This assumption is based on the high content of methane in natural gas [19] .
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However, deeper LCA and Life Cycle Cost analyses are required to give final recommendations. A possible issue regarding renewable methane is the availability of CO 2 in a greener energy system in Europe in 2030. Would CO 2 be produced as much as it is today? Or will CCS from atmospheric air be the most probable source of this input for the methane production? The hydrogen pathway could be the better option considering the aspects of economy and CO 2 -availabilty. Furthermore, the hydrogen cycle is of higher efficiency and direct emissions would not be produced anymore.
